Introduction
The a-amylase (Amy) locus in Drosophila pseudoobscura is a multigene family of one, two, or three copies. Due to its location within an inverted region in most gene arrangements on the third chromosome, the evolution of the Amy multigene family is intertwined with the evolution of gene arrangements.
These arrangements resulted from overlapping, paracentric inversions, with three of them-Standard (ST), Santa Cruz (SC), and Tree Line (TL)-occupying central positions in a phylogeny based on inversion breakpoints (Dobzhansky and Epling 1944) . Each of these central arrangements, together with the inversions derived from it, constitutes a family, or phylad, of gene arrangements.
Depending on the arrangement in question, the number of Amy genes varies from one (TL) to fwo (SC) to three (ST). This pattern of distribution reflects the evolutionary history of the regions contained within these gene arrangements, due to the suppression of recombination in heterozygotes for different inversions (Dobzhansky and Epling 1948) . Recent analysis of restriction site polymorphism (RSP) within the inverted regions produced additional evidence that inversions are indeed an effective barrier against the homogenizing effects of recombination (Aquadro et al. 199 1) . Furthermore, the phylogeny derived from the RSP data provided a striking independent corroboration of the inversion phylogeny (Aquadro et al. 199 1; Popadic and Anderson 1994) . In this report, we focus on the molecular evolution of the Amy locus in the TL phylad. The amylase region was mapped in three arrangements which are derived from TL: Olympic (OL), Estes Park (EP), and Hidalgo (HI), and in an additional TL strain as well. These four chromosomes were then phylogenetically analyzed conjointly with the rest of the TL strains from the original RSP data set. In addition, the Amy1 genes from these four chromosomes were cloned, sequenced, and analyzed. We then utilized the established evolutionary relationships between arrangements in the TL phylad, based on the inversion phylogeny, to evaluate results from both the RSP and DNA sequence data sets.
Material and Methods
Drosophila pseudoobscura lines homozygous for the third chromosome were constructed by using balancer stocks (Pavlovsky and Dobzhansky 1966) . Salivary glands were dissected from third-instar larvae, 30 per line, and gene arrangements were diagnosed from squash preparations of the polytene chromosomes. Hybridization in situ to polytene chromosomes was carried out with probe DNA labeled with 16-dUTP, as described by Lim (1993 We carried out a restriction mapping of these four strains, as described earlier (Aquadro et al. 199 1) . Note that in the case of the EP and HI strains, the information generated from the restriction analysis was also used to infer diagnostic restriction patterns for the two strains. In particular, we used the fact that two Hind111 sites (at locations 1.7 and 8.8) are present in the EP, but are absent in the HI, for that purpose ( fig. 1 ). Digests were then carried out on the genomic DNA that was used for cloning, followed by Southern blotting and hybridization to a labeled probe (Aquadro et al. 199 1) . This additional step allowed us to eliminate the possibility of stock contamination, which was one conceivable explanation for the unexpected observation of identity in the EP and HI sequences.
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To clone and sequence the Amy1 gene, which is located within a 5.6-kb HindIII/EcoRI fragment ( fig. I ), we used an approach described previously (Popadic and Anderson 1994) . Four recombinant phagemids were identified: pAP4 (containing TL Amy]); pAP5 (containing EP Amyl); pAP8 (containing OL Amyl); and pAP9 (containing HI Amyl). Sequence divergence estimates were calculated as direct counts of nucleotide sequence differences, since no correction is needed for differences as small as those in our study (Nei 1987, p. 64) . Phylogenetic analysis was done by the neighbor-joining (NJ) method in the PHYLIP package (Felsenstein 1993) and by the maximum parsimony method in the PAUP program (Swofford 199 1).
Results and Discussion
The RSP Data
The genomic restriction maps of the Amy region, encompassing 26 kb, were determined for the four strains analyzed in this report ( fig. 1 ). All four chromosomes carry the two 1.6-kb deletions, D2 and D5, relative to the ST chromosome of the probe. These two deletions remove the BamHI and Sal I restriction sites marking the coding regions of Amy2 and Anzy3. This is the same differences between OL and EP, four differences between OL and HI, and three differences between EP and HI ( fig. 1) . A single TL strain from this report has a restriction pattern that is identical to strain no. 22 from Aquadro et al. ( 199 1) .
The four chromosomes from this study were also phylogenetically analyzed, together with the rest of the TL strains from the original RSP data set. The resulting neighbor-joining tree is presented in figure 2A . The same tree topology was obtained with the maximum parsimony method (data not shown). The empirical tree in figure 2A agrees with the predictions we would make regarding relationships between TL and its derivatives on the basis of the inversion phylogeny ( fig. 2B ) and the estimated age of the TL phylad. Under such circumstances, the TL strains (with respect to RSP data) should exhibit a paraphyletic relationship with strains having inversion derivatives of TL (Neigel and Avise 1986) . Thus, certain TL strains would be similar to one inversion derivative, say HI, while other TL strains would be more similar to EP or to OL. As figure 2A shows, this prediction is clearly borne out. Thus, the phylogenetic analysis of restriction map haplotypes provides an independent corroboration of evolutionary relationships among inversions in the TL phylad.
The DNA Sequence Data
We cloned the 5.6-kb HindIII/EcoRI fragment that contains the Amy1 region from all four arrangements (TL, OL, EP, and HI) and sequenced a total of 2,727 nucleotides (nt). The sequences generated include 7 16 nt in the 5' flanking region, the amylase coding region with two exons (177 and 1,308 nt long) and one intron (7 1 nt), and 455 nt in the 3' flanking region. The observed nucleotide sequence differences are presented in figure  3 . Out of 2,727 nucleotides sequenced, 26 were polymorphic, excluding insertions and deletions. Of these 26 polymorphic sites, 10 are located within the combined flanking regions, 4 in the intron, and 12 in the coding region ( fig. 3 ). This distribution pattern indicates that levels of polymorphism in the flanking and coding regions are about the same, despite the expectation of higher polymorphism in the flanking regions due to the absence of functional constraint. From the previous work by Brown et al. ( 1990) we know that the amylase protein sequence is not highly constrained, as indicated by the high frequency of nonsynonymous substitutions. This finding suggests that an unusual conservation of flanking sequences is responsible for the similar levels of polymorphism between them and the coding regions.
The percent sequence divergences among the four Amy1 genes are presented in the two mechanisms, gene conversion is much more likely to be responsible for the observed interchromosomal exchange for the following reasons. First, the size TL Amy1 and its three derivatives in the coding region of the identical sequences (2.7 kb) is just a fraction of a is about 0.70%, with approximately the same level much larger 26-kb region, analyzed by RSP, which did (0.50%-0.60%) in the flanking regions. In contrast to the differ between the two arrangements ( fig. 1) (Rozas and Aguade 1993, 1994) . These observations should have been observed. With respect to the RSP suggest that the observed sequence identity between EP data this absence of divergence is certainly unexpected, and HI Amyls is caused by gene conversion.
as is obvious from the phylogenetic tree in figure 2A .
Of the two arrangements, EP occurs at moderate Nevertheless, we can rule out the possibility that frequencies from Mexico to Canada, while HI is rare b u widespread in Mexico. An interchromosomal ext the observed sequence identity might be an artifact, due to stock contamination: First, the salivary slides of these change in an EP/HI heterozygote ( fig. 4) , therefore, probably occurred in Mexico and involved a Mexican two strains were diagnosed as EP and HI, respectively, EP. The inversion frequencies at the Amecameca locaon the basis of the differences in the banding patterns tion, where the HI strain was collected, are shown in in the inverted region. Second, the genomic DNA used table 2. As mentioned previously, HI is rare (0.9%) and for cloning was diagnosed as bona fide EP and HI on is found almost exclusively as a heterozygote with other the basis of their diagnostic restriction patterns. However, after finding that the EP and HI Akzyls had idenarrangements, where of course, interchromosomal exchange could occur. From table 2, we see that the two tical sequences, we were so surprised that we rechecked most common arrangements in Amecameca are Cuerthe salivary chromosomes and genomic DNA, only to navaca (CU) and TL (58.5% and 31%, respectively), find once again that they were indeed EP and HI. As a while the frequency of EP is about 8%. Under random final assurance, we started a new HI line from a single mating, the expected frequency of EP/HI heterozygotes female. After diagnosing both the salivaries and the isowould be 0.14%. The proposed gene conversion between lated DNA as HI, we then cloned and sequenced HI EP and HI would clearly be an infrequent event, but Amy1 a second time, with exactly the same result. Thus, one that could occur in a large population like that at the sequence identity between EP and HI Amyls is real.
Amecameca. How, then, can these seemingly contradictory results It is important to note that the EP strain used in between the RSP and DNA sequence data be explained?
this study was collected in British Columbia, Canada.
